Fluorescence emission and excitation spectra were measured over a 7-day period for Bacillus subtilis ͑Bs͒, a spore-forming, and Staphylococcus aureus ͑Sa͒, a nonspore-forming bacteria subjected to conditions of starvation. Initially, the Bs fluorescence was predominantly due to the amino acid tryptophan. Later, a fluorescence band with an emission peak at 410 nm and excitation peak at 345 nm, from dipicolinic acid, appeared. Dipicolinic acid is produced during spore formation and serves as a spectral signature for detection of spores. The intensity of the 410-nm band continued to increase over the next 3 days. The Sa fluorescence was predominantly from tryptophan and did not change over time. In 6 of the 17 Bs specimens studied, an additional band appeared with a weak emission peak at 460 nm and excitation peaks at 250, 270, and 400 nm. The addition of ␤-hydroxybutyric acid to the Bs or the Sa cultures resulted in a two-order of magnitude increase in the 460-nm emission. The addition of Fe 2ϩ quenched the 460 emission, indicating that a source of the 460-nm emission was a siderophore produced by the bacteria. We demonstrate that optical spectroscopy-based instrumentation can detect bacterial spores in real time.
Introduction
Fluorescence spectroscopy-based technology has been proposed as a real-time, in situ method to detect the presence of microbial agents. 1 Recently, there is a heightened interest in the ability to detect bacterial spores as well as their vegetative cells. Under hostile conditions of growth, two genera of bacteria, Bacillus and Clostridium, develop spores that are capable of surviving harsh environments for many years. Spores can remain indefinitely in this state until more hospitable conditions occur, at which point the spores germinate and form vegetative cells. Some of these bacteria are highly pathogenic. For example, Clostridium botulinum is the causative agent in cases of severe food poisoning, and, Bacillus anthracis is highly lethal and a potential biological warfare weapon. Native fluorescence from bacteria in the visible and UV is dominated by tryptophan emission. [1] [2] [3] [4] [5] [6] Emission in the 430-to 514-nm region from pterins, nicotinamide adenine dinucleotide, nicotinamide adenine dinucleotide phosphate, and flavin adenine dinucleotides have also been observed. 3 The development of bacterial endospores by Bacillus subtilis ͑Bs͒ represents one of the best-studied models for the observation of the well-defined process of spore formation. 7 Review papers addressing both spore formation and germination have recently been published. 8, 9 Spectroscopic detection of spores has focused on the signatures from dipicolinic acid ͑DPA, 2-6-pyridine-dicarboxylic acid, C 7 H 5 NO 4 ͒. Bacillus and Clostridium synthesize DPA late in spore formation, and DPA is excreted from dormant spores in the first few minutes of germination. 10, 11 Spores contain greater than 10% of their dry weight as DPA, often chelated with Ca 2ϩ
. 12 The addition of DPA to spores can also induce germination. 13 The suggestion has been made that DPA plays a role in the dormancy and the heat resistance of spores 10 and in the protection against UV radiation. 12 Absorption spectroscopy has been used to detect Ca͑DPA͒ in spores. 14 Although no fluorescence has been observed from DPA alone, weak fluorescence from the Na and Ca salts of DPA have been observed in the excitation range of from 270 to 310 nm. 15 Lanthanide metals when combined with DPA are highly fluorescent, and DPA fluorescence has been used as an assay for Terbium ͑Tb͒. 16 In turn, the use of Tb fluorescence and other chelates have been used as an assays for DPA. 17 The use of Tb͑DPA͒ emission to detect spores has been proposed 18 -22 and demonstrated; 18, 19 however, emission from Ca͑DPA͒ was not observed in these studies. In this paper, native fluorescence emission and excitation spectroscopy is used to investigate changes in Bs, a spore-forming, and in Staphylococcus aureus ͑Sa͒, a nonsporeforming, bacteria over time, while they are subjected to hostile growth conditions created by nutrient deprivation.
Fluorescence emission and excitation features observed from the bacteria were compared with the spectral profiles of tryptophan, DPA and ␤-Hydroxybutyric Acid ͑␤-HBA͒. Tryptophan is an amino acid found in all living cells. It has a welldefined fluorescence spectrum that has been studied for its roll in the detection of cancer. 23 Polyhydroxyalkanoates, of which poly-␤-HBA is a member, serve as an intracellular storage source for energy and carbon, reducing power in some bacteria that find themselves in a situation of restricted growth conditions but still in the presence of a source of carbon metabolites. 24 During cell starvation, stored energy is released by breaking down polymers of ␤-HBA into monomers. ␤-HBA granules appear during spore formation and allow Bacillus to complete sporulation without the presence of external nutrients. 13 ␤-HBA was added to a third of the Bs specimens to induce germination and to Sa as a control. ␤-HBA was chosen, because at the quantities added, it has negligible fluorescence and weak absorption in the wavelengths range investigated. An unanticipated result was that the addition of ␤-HBA to both species of the produced large changes in the fluorescence. These changes are also examined in this paper.
Three distinct fluorescence emission bands were observed from Bs and one emission band from Sa. The three bands are 1. a tryptophan band with an emission peak at 340 nm and excitation peak at 280 nm, which was present in the spectra from both Bs and Sa, 2. a band observed only in the Bs, which is similar to the fluorescence spectra of DPA, with an emission peak at 410 nm and excitation peaks at 278 and 345 nm; this band only became evident in Bs after 24 hours, which is consistent for the time for spores to begin forming, and was not observed in the Sa, 3. a weak emission band with a peak at 460 nm and excitation maxima at 250, 270, and 400 nm was observed in 6 of the 17 Bs specimens after 2-3 days but not in any of the Sa specimens.
The addition of ␤-HBA to either the Bs or the Sa resulted in the emergence of a strong fluorescence from this band that was quenched by the addition of Fe 2ϩ , indicating that the source of this emission is a siderophore. Siderophores are chelating agents secreted by cells in response to low iron conditions. They bind with iron and assist the bacteria in the uptake of iron. 25 That the 460-nm emission was only observed in six of the Bs may reflect on small sample-to-sample differences in either growth rates or concentrations of available iron.
Experimental Method and Materials

A. Instrumentation
Fluorescence spectra were acquired with an LS50B spectrophotometer ͑Perkin Elmer Corporation, Shelton, Connecticut͒. The LS50B has a broadband pulsed xenon flash lamp for excitation and dual monochromators for independent control of excitation and emission wavelengths. The LS50B is fully controllable by a PC, which allows for unattended data acquisition. The emitted signal is detected by a gated photomultiplier tube ͑PMT͒ and digitized by an autoranging 16-bit analog-to-digital converter that provides high dynamic range. A reference PMT monitors the intensity of the excitation source and is used to normalize the emission signal. The reference PMT output is corrected for the spectral response of the reference PMT. Prior to each lamp pulse, the dark current is measured in both PMTs and subtracted from the emission and reference signals after digitization. Data is then transferred to the computer as a 32-bit integer. Signals are not corrected for the spectral response of the emission monochromator. Absorption measurements were performed with a Varian CARY 500 (Walnut Creek, California) spectrophotometer and were corrected for cuvette reflectivity and absorption of the solvent. All emission and excitation spectra presented in this paper were acquired with identical instrument parameters ͑slit widths, integration times, optical filters, etc.͒. Optical filters were employed to reduce scattered light levels to less than 3 counts for wavelengths longer than 300 nm.
B. Bacteria
The bacteria used in this study were isolates from the eyes of patients seen at the New York Eye and Ear Infirmary. The identified bacterial isolates were streaked on the full surface of 150-mm-diameter Muller-Hinton agar plates ͑Becton Dickinson Microbiology Systems, Cockeysville, Maryland͒ and grown at 37°C for 18 h. After incubation and growth, the bacteria were harvested by addition of 20 ml of sterile 0.45% saline solution directly onto the cultures and the bacterial colonies scraped into the solution under aseptic conditions, avoiding disruption of the agar surface. The saline solution containing the suspended bacteria was then pipetted under aseptic conditions into a sterile 50-ml polypropylene centrifuge tube. No buffer was used to control pH and after 1 week in saline, the pH of the suspensions varied between 6 and 6.5.
The concentrated bacterial solutions were diluted to equal optical densities ͑OD 1 at 500 nm for 1-cm path͒ with 0.9% saline solution. Bacteria do not absorb at 500 nm, and the transmission loses are due to scattering, with the scattering cross section being proportional to total volume. Thus all specimens had approximately equal volume fraction of bacteria. The suspensions were placed in the light-tight front surface sample chamber of the LS50B spectrophotometer, where they remained at room temperature for up to 1 week of periodic scanning. A maximum of four emission and three excitation spectra were acquired at each time point during the week interval. Each scan takes less than a minute to complete, and the specimens were only exposed to UV light during data acquisition. After 100 h, 31 mg of ␤-HBA was added to a third of the Bs and the Sa specimens. After 1 week, 0.125 mg of DPA was added to one Bs sample, and the fluorescence spectra were compared before and after addition of DPA. No chemicals were added to the remaining specimens during the time that they were scanned. After completion of the fluorescence scans, the bacteria were filtered with a 0.2-m cellulose acetate filter and the filtrate was then scanned. This filter was sufficient to separate the vegetative cells from the filtrate. Although the Bs spores are larger than 0.2 m, malachite green and safranin counter staining indicated that some of the spores, but not vegetative cells, were able to pass through the filter.
C. Malachite Green and Safranin Counter Staining
Malachite green and safranin counter staining was performed daily on the Bs at regular time intervals to determine the fractions of vegetative cells, immature spores, and mature spores. Since DPA is formed late in spore formation, immature spores do not have large concentrations of DPA.
D. Chemicals
The L-Tryptophan, DPA and ␤-HBA͑Na ϩ ͒ powder were purchased from Sigma Aldrich, St. Louis, Missouri. ␤-HBA͑Na ϩ ͒ is soluble in water, and the absorption and fluorescence was measured from an aqueous solution. The absorption and fluorescence spectra are plotted in Figs. 1 and 2 , respectively. Absorption spectra were corrected for cuvette reflectivity and solvent absorption. The ␤-HBA concentration was 5 M, and the DPA concentration was 4H10 Ϫ3 M. The tryptophan concentration was 5H10 Ϫ4 M. The fluorescence was measured with the same scan parameters as for the bacteria.
␤-HBA has weak absorption in the 250-to 290-nm region with a peak at 270 nm and a secondary maxima at 277 nm. When excited at 270 nm, the fluorescence exhibits a weak, emission band from 330 to 410 nm with a maximum at 360 nm. The 5M ␤-HBA concentration is several orders of magnitude higher than that found in nature and used in this study. Therefore ␤-HBA molecules do not contribute directly to the spectroscopic changes observed in this study.
Because of the poor solubility of DPA in water, the DPA was dissolved in ethanol for the absorption and fluorescence measurements. DPA has the characteristic absorption of the pyridine ring structure in the 250-to 300-nm region, with a peak at 268 nm. When excited at 270 nm, the DPA emission intensity was barely detectable above the LS50B noise level. A second absorption band in the 330-to 400-nm region with two peaks at 355 and 372 nm was observed in near-saturation concentrations. This absorption is approximately 10 4 weaker than the 270-nm absorption. This weak absorption band may be from chelates formed with impurity ions or to direct singlet-triplet transitions. Extremely weak benzene absorption has been observed at 340 nm and attributed to direct singlet-triplet excitation processes. 26 To the best of our knowledge, direct singlettriplet absorption from pyridine ring compounds has not been reported. When excited in this region, the DPA fluoresced in the blue with two distinct emission peaks at 408 and 430 nm. The excitation spectrum ͑ em ϭ 430 nm͒ has two maxima, coinciding with the absorption peaks at 355 and 375 nm. When dissolved in water, the DPA fluorescence was weaker, which is attributed to the low concentration of the aqueous solution. The emission exhibited a maximum at 410 nm, but without the structure observed in DPA dissolved in ethanol.
Tryptophan has low water solubility, and absorption and emission measurements were performed on tryptophan dissolved in ethanol. Tryptophan has the characteristic aromatic ring absorption between 250 and 300 nm with a peak at 280 nm, a secondary peak at 288 nm, and a shoulder at 265 nm. The locations of these peaks are solvent dependent. 26 Tryptophan emission has a maximum at 340 nm with a longer wavelength wing. In excitation spectra, the emission maximum is achieved when tryptophan is pumped at the 280-nm absorption peak.
Results
A. Fluorescence Changes in Time
The five spectra ͑two emission and three excitation͒ acquired from typical Bs and Sa specimens, respectively, within 2 h after removal from the growth media are shown in Figs. 3͑a͒ and 3͑b͒ . The scan parameters are scan A: ex ϭ 270 nm, em ϭ 300 -500 nm; scan B: ex ϭ 340 nm, em ϭ 360 -500 nm; scan C: ex ϭ 250 -440 nm, em ϭ 460 nm; scan D: ex ϭ 250 -390 nm, em ϭ 410 nm; and scan E: ex ϭ 250 -320 nm, em ϭ 340 nm. At this time, the Bs and the Sa are still viable cells with adequate supplies of stored nutrients. Less than 10% of the Bs are mature spores. For both species, the only observable emission is from tryptophan ͑scans A and E͒. The scan parameters are summarized in Table 1 . Figures 4͑a͒ and 4͑b͒ plot the same scans ͑A-E͒ acquired from the Bs and the Sa specimens after 96 h. At 96 h, the Bs are more than 90% spores with a few viable vegetative cells containing immature spores. The fluorescence spectra from Sa did not change over time, indicating that the surviving Sa cells may be in starvation mode with no metabolic activity. In Fig.  4͑a͒ , an emission band at 410 nm ͑scan B, 340-nm excitation͒ can be observed in the Bs spectra. Excitation scan D shows that this band can be pumped at either 285 or 340 nm. A long wavelength wing from tryptophan and a weak band at 460 nm is also observed in the Bs ͑scan A͒. The excitation scan C shows that the 460-nm band can be pumped at 280 nm and with a broad excitation from 320 to 420 nm. For the Sa, the only observable changes in the spectra between t ϭ 0 and t ϭ 96 h is a slight increase in the tryptophan wing ͓compare Figs. 3͑b͒ and 4͑b͔͒. The peak emission intensity from DPA ͑ ex ϭ 340 nm, em ϭ 410 nm͒ for Bs and from tryptophan ͑ ex ϭ 280 nm, em ϭ 340 nm͒ for Bs and Sa are plotted as a function of time in Figs. 5͑a͒ and 5͑b͒, respectively. The five scans acquired at t ϭ 144 h from a set of Bs and Sa specimens in which ␤-HBA was added at t ϭ 100 h for Bs and t ϭ 101 h for Sa are shown in Figs. 6͑a͒ and 6͑b͒. Note the change in the y-axis scale in this figure. Both the Bs and the Sa exhibited a very strong emission at 460 nm. The excitation spectrum ͑ em ϭ 460 nm͒ shows that this band can be excited at 250, 270, or 400 nm. The DPA signal can be observed from the Bs as a wing in scan B at 410 nm and in scan D for 340-nm excitation. The intensity of the peak emission the siderophore band ͑ ex ϭ 400 nm, Fig. 3 . Emission spectra ͑scan A, ex ϭ 270 and scan B, ex ϭ 340 nm͒ and excitation spectra ͑scan C, em ϭ 460; scan D, em ϭ 410; scan E, em ϭ 340 nm͒ ͑a͒ for Bs and ͑b͒ for Sa at t ϭ 0 ͑2 h after removal from the growth media͒. em ϭ 460 nm͒ and tryptophan ͑ ex ϭ 280 nm; em ϭ 340 nm͒ are plotted as function of time from 72 to 144 h in Figs. 7͑a͒ and 7͑b͒, respectively.
An emission ͑ ex ϭ 340 nm͒ and two excitation ͑ em ϭ 340 and 410 nm͒ scans immediately before and immediately after DPA was added to one Bs specimen are plotted in Fig. 8 . The addition of DPA increasing the 410 emission band ͑340-nm excitation͒ without changing the shape of the spectra provides strong evidence that the 410 emission is from DPA, most likely chelated with Ca 2ϩ
. No further measurements were performed on this specimen.
B. Fluorescence from Filtrate
At 1 week after removal from the growth media, the 460-nm emission signal increased to a level that saturated the spectrophotometer. At this point scanning was stopped, the absorption of the Bs was measured, and the suspension containing the Bs was filtered. The fluorescence of the suspension before filtering and the filtrate are plotted in Fig. 9 for scans A and D. The resolution of the monochromator slits were reduced to 3 nm to prevent saturation. The filtering reduced the tryptophan signal ͑scan A, em ϭ 340 nm͒, indicating some of the tryptophan remained in the cells, cellular membranes, or the larger spores that were trapped by the filter; whereas the rest of the tryptophan either was in the smaller spores that penetrated the filter or released into solution by cellular decay and self-proteolysis. Filtering did not significantly reduce the intensity of the DPA signal. The 460-nm signal showed a slight increase due to reduced scattering losses after removal of larger particles by filtering. The addition of Fe 2ϩ in HCl to the filtrate resulted in a total quenching of the 460-nm band, indicating that this emission band is from a siderophore. Strong emission from the siderophore was only observed in the bacteria for which ␤-HBA was added. The tryptophan and DPA emission intensities were not changed by the addition of iron. The OD from Bs specimens with and without ␤-HBA added and the corresponding filtrates are plotted in Fig. 4 . Emission spectra ͑scan A, ex ϭ 270 and scan B, ex ϭ 340 nm͒ and excitation spectra ͑scan C, em ϭ 460; scan D, em ϭ 410; scan E, em ϭ 340 nm͒ ͑a͒ for Bs and ͑b͒ for Sa at t ϭ 96 h. Fig. 10 . The OD at 500 nm from the Bs before filtering is 0.3, compared with an initial OD of 1.0. This decrease in OD is due to reduced scattering by the smaller-sized spores compared with the vegetative cells. In the wavelength regions of from 290 to 340 nm and longer than 450 nm, the OD of the Bs specimens with and without ␤-HBA are similar. Extinction losses between 350 and 440 nm that were not present in the untreated Bs were observed in the Bs with ␤-HBA added. Filtering removed the larger particles, thus reducing the scattering; however, the 350 -440-nm band did not decrease in OD, indicating that this lose is due to absorption rather than scattering. The addition of Fe 2ϩ ͑HCl͒ reduced the Fig. 6 . Emission spectra ͑scan A, ex ϭ 270 and scan B, ex ϭ 340 nm͒ and excitation spectra ͑scan C, em ϭ 460; scan D, em ϭ 410; scan E, em ϭ 340 nm͒ ͑a͒ for Bs and ͑b͒ for Sa at t ϭ 144 h. Fig. 7 . Peak emission intensity plotted as function of time for Bs and Sa with ␤-HBA added ͑a͒ for unidentified siderophore ͑ ex ϭ 400 nm, em ϭ 460 nm͒ and ͑b͒ for tryptophan ͑ ex ϭ 280 nm, em ϭ 340 nm͒. Fig. 8 . Emission spectra ͑ ex ϭ 340 nm͒ and excitation spectra ͑ em ϭ 410 nm͒ from Bs before and after adding DPA. Suspensions were 5 days old. Fig. 9 . Emission ͑ ex ϭ 270͒ and excitation ͑ em ϭ 410͒ spectra from Bs suspension with ␤-HBA and corresponding filtrate before and after addition of Fe 2ϩ ͑HCl͒. Fig. 10 . Absorption spectra of 1-week-old Bs and filtrate, with and without ␤-HBA. Fe 2ϩ ͑HCl͒ was added to the filtrate for which ␤-HBA had been added. strength of this absorption band, with the shorter wavelength side being reduced more than the longer wavelength side, providing further evidence that absorption is from a siderophore. A comparison between the absorption spectrum and the excitation spectrum at em ϭ 460 nm ͓see Fig. 6͑a͔͒ shows the fluorescence is more intense for excitation in the long wavelength part of this band. That the fluorescence intensity is greater at longer wavelengths would indicate that the nonchelated, i.e., fluorescing, siderophores are in the filtrate and that the absorption is shifted to longer wavelengths relative to the ironchelated siderophores that are inside the bacteria. In the 250-to 300-nm range, absorption from amino and nucleic acids can be observed.
Discussion
Once removed from the growth media, both the Bs and the Sa continue to grow for a short period using stored energy and any trace nutrients accidently introduced into the suspension during harvesting. After a time the cells start to undergo starvation and begin to catabolize their own proteins and carbohydrates. These amino acids and carbohydrates can serve as source of nutrients for the surviving cells. The initial Bs vegetative cells contain a small number of immature spores ͑Ͻ10%͒. However, as nutrients are depleted, the Bs begin to form spores. Malachite green and safranin counter staining indicated that the Bs begin spore formation on the second day and that by the fourth day, the suspension is mostly spores with very few vegetative cells. Although the Bs may exhibit no metabolic activity in the spore state, the process of forming the spore requires the cells to use their stored energy to synthesize DPA and necessary proteins. The process of forming a spores inside a cell takes approximately 8 h, and the DPA is synthesized late in this process. After the cell releases the spore, the cellular membrane begins to decompose, releasing amino acids, minerals, and other components into the suspension. After exhausting their energy supplies, the Sa do not form spores, but go into a starvation-survival state with a reduced metabolic rate, from which they can undergo rapid recovery when they sense the presence of nutrients. [27] [28] [29] These metabolic processes are reflected in the intensity changes observed in this study.
The fluorescence changes occurring can be summarized by examination of the changes in time of the intensity at the peaks of the emission bands ͓see Figs. 5͑a͒ and 5͑b͔͒. In the first 6 h after removal from the growth media, the tryptophan emission from Bs undergoes a small intensity increase as the cells continue to grow using stored energy. After this initial growth period, the tryptophan signal starts to decrease reaching a minimum after 24 h. During this time period, there is no DPA signal. After 24 h, the DPA fluorescence intensity begins to increase as spores begin forming, eventually stabilizing in number after 4 days. At 78 h, malachite green and safranin counter staining indicated that more than 82% of the Bs had formed spores and that at 126 h, more than 97% of the Bs were spores. The most rapid increase in DPA signal is during the second day when spore formation is occurring rapidly. From 36 to 48 h, there is also an increase in tryptophan emission, after which time the tryptophan signal decreases slightly. After the cells release their spores, the cell membranes start to decay and may release their amino acids into the filtrate. These by-products may be metabolized by the remaining viable cells, thus explaining the increase in tryptophan signal on the second day. However, some of the cell membranes from the vegetative cells must remain intact to explain the reduction in tryptophan signal after filtering.
A small increase in tryptophan emission is seen in the Sa culture during the first 8 h, but after this time, the tryptophan signal decreased in intensity over the next 5 days. No other changes were observed in the fluorescence, reflecting the absence of metabolic activity.
␤-HBA serves as carbon source for the bacteria, and the addition of ␤-HBA to the Bs and the Sa induces rapid growth in the bacteria as evidenced by increase in tryptophan emission within an hour after addition of ␤-HBA in both the Bs and the Sa ͓see Fig.  7͑b͔͒ . This rapid growth in an iron-deprived environment resulted in siderophore induction and release into the filtrate in an attempt to bind and deliver iron to the cell. The 14-h time lag ͓see Fig.  7͑a͔͒ between the addition of ␤-HBA and appearance of the 460-nm emission is the time needed under these restrictive conditions for the bacteria to start producing the siderophore. The signal continued to increase, indicating that siderophores were continually being produced in an attempt by the bacteria to absorb iron.
The siderophores responsible for the observed emission in Bs and Sa have not been identified. Siderophores produced by the Bs include 2,3-dihydroxybenzoate ͑DHB͒ and 2,3-dihydroxybenzoyl glycine ͑DHBG͒. 30 Known siderophores produced by Sa are aureochelin, staphyloferrin A, and staphyloferrin B. 31 The excitation ͑ em ϭ 460 nm͒ and absorption spectra from both the Bs and the Sa are similar to the published pyoverdine spectra, whose presence in species of Pseudomonas is well known. 32, 33 There are no reports of pyoverdine being observed in Sa and one report of a Bs gene product showing similarity to pyoverdine synthase. 34 
Conclusion
We have demonstrated that native fluorescence spectra from Bs spores is different from vegetative cells and that this difference may form the bases of a realtime, in situ method to detect spores. We have shown that these spectral difference are due to the presence of DPA in the Bs spores. The signature of DPA has an emission peak at 410 nm and an excitation peak at 340 nm. We have also shown that changes in fluorescence intensity from tryptophan, ex ϭ 280 nm, em ϭ 340 nm, may be used monitor anabolic and catabolic changes in bacteria, in situ.
We have observed a high-intensity fluorescence from an, as yet unidentified, siderophore in Bs and Sa after the addition of ␤-HBA.
